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Abstract

In this paper, we discuss the forms of
controlled current experiments at finite dis
experimental results obtained at disk microe
fast mass transport conditions and low charp
transitions at suitably high values of the §{
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flux experiments.
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troduction

Chronopotentiomstry (1) has not been a widely used olectroynalyticul
technique dus to the severe distortion of the predicted shape of the response
dus to capacitative charging of the electrode. While the magnitude of the
total current applied to the electrode can be controlled, the fraction of the

total current driving the faradaic reaction is time dependent. As the

slectrode potential changes as the logarithm of the ratio of the surface
activities of the redox couple, so must the the magnituds of the capacitative
charging current.-  This current depends on the rate of potential change
according to c;l(dz/ ;). vhere Cu is the double layer differential
cspacitance. When ;ﬂo reactant surface concentration approaches zero (the
transition time), the rate of change of potential is high, and the distortion .
of the predicted shape tends to increass. The time to the transition is
important in electrochemical analysis and we find that it can therefore not be
neasured easily with a high degree of accuracy. Elaborate instrumentation has
been designed to offset the capacitative current; these include feedback
compensation circuits (2) ‘and the use of blank cells (3).

kQ&t is well known that one of the major advantages of microelectrodes (4)
is the reduced magnitude of the capacitative component of the current (which
varies as the area of the electrode) with respect to the faradaic component
(wvhich usually varies as a one dimensional characteristic length of the
electrode, such as the radius of a disk). These devices should therefore be
ideally suited to galvanostatic meagurements.— Aoki et al (5) have presented
an approximate expression for the response at disk electrodes which is based
only on a constant surface concentration nod91 vhereas a constant flux model
is probably more applicable (6) to microelrétrodes; the exact solution lying
somevhere in between these two limiting anels. In any case, the results for

N
both cases are similar. e
) R
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In our work (6), we reported the exact integrals of the time dependent
diffusion equations describing mass transport to disk electrodes of finite
size. The result follows from a general analysis based on the properties of
discontinuous integrals of Bessel functions. The method has been used to
solve a variety of probleas in heat conduction (7) as well as electrochemistry
(4,8-11). In this paper we describe the form of the chronopotentiograam for
constant imposed flux conditions, and the analogous response to a linearly

swept current experiment.

Experimental

The instrumentation consisted of & low-noise galvanostat built in these
laboratories, and a Hi-Tek Instruments wodel PPR1 waveform generator. The
wvorking electrods was tied to ground through a resistor, and the potential of
the working electrode was measured with respect to the reference with a high
impedance differential amplifier. The output was measured with an x-y
plotter, or with a Lecroy model 9400 digitizing oscilloscope. The
electrochemical cell consisted of a large platinum wire secondary electrode
palladium sheet reference electrode, and a disk microelectrode. The cell was
purged with nitrogen before measurements. The entire cell assembly was
rigidly mounted inside an aluminum Faraday cage (to reduce capacitatively
coupled noise) which contained triaxial bulkhead connectors for feeding
through the instrumentation cables.

The disk microelectrodes were prepared by heat sealing the appropriate
fine wires into glass tubes. The disks were polished with fine alumina (0.3
and 0.05um particle diameters, Balkalox Internmational) rinsed thoroughly, and
sonicated briefly before use. Several disk sizes from 1.0 to 25.0um were used
in the experiments.

Aqueous solutions were prepared using analytical grade reagents in 18MO




Nanopure wvater. Potassium ferrocyanide (Mallinckrodt), potassium ferricyanide,

potassium chloride, and potassium nitraste (J. T. Baker) were used as received.
The ferri- and ferrocyanide were present in equimolsr concentrations in 0.1M
potassium nitrate. Ruthenium(IIl) hexammine chloride was prepared and
purified from the chloride by standard procedures.

In the linear sweep amperometry experiments, the sweep rate was varied up
to SOpA s '; the starting valus was varied from -10mA to OnA, and the ending

valus was varied from -10nA to +10nA.
Discussion
For a simple electrochemical exporiment involving a single reactant, we

have solved the time dependent diffusion equation

2
.aE—Da_zq'..g.a_c-q.Dg_g [1]
at ar r Ir az

in circular cylindrical coordinates (6). Here C is the concentration of the
reactant, and r is the radial distance coordinate measured from the center of
the disk electrode which is imbedded in the insulating plane at z = 0. The

general initial condition is

r>0, z>0, t=0, C~C (2]

vhere C~ is the bulk concentration. For the chronopotentiometry case, we take

a constant uniform flux -Q (mols cn'zs°1) over the surface at all times t > 0.

The boundary conditions at the surface of the electrode are then




4
aC
0<r<a, z=0, t>0, 0[35 --Q
ac
r>a, z=0,¢t>0, D[EE] - 0, [3)

from which we derived the integral for Equation (1]

c-c"

D I’ Ja(cr)J:(cn)crf(DlI‘ccllz)gs [4]

We found that the average surface concentration is

] 2
¢, = c"™ %9 I [J‘(aa)] .rf(n"’a:"')-"—:'- o (s]
] a
With the substitutions
£ = pt . (6]
B = al {7

we can write [5] in the more useful dimensionless form

o 5ot [ 4] et

- c®. 208, °;[E] [8)
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parameter (Dt/cz). but is readily evaluated by appropriate numerical
integration techniques (excellent accuracy is obtained using a modified

Burlirsch-Stoer method (12)).

At long times and sufficiently small values of the flux, a transition

time is not observed, and we have the steady state condition (6)
«D °

- a
c -c - (9]

If Q is sufficiently large we observe a sharp transition as the surface

concentration of the reactant approaches zero, and we have the result

2
2, 2 L[J‘H_‘]] e

m‘
2Qa Dt
o ’*(F] -1 (10]

from which we can calculate the transition time.

The requirement on 2Qa/DC° for steady state conditions has been shown (6)

to be
W ¢ 3% 235619 [11]
DC

For the case of simple Butler-Volmer kinetics and for equal concentrations of

both the oxidized and reduced forms of the redox couple




b [ )

vhere we use the average concentration, Equation [8). Ve obtain an expression

[13] from which the polarization plots may be determined:

2220l o) )
ol o

The applicability of the use of the average surface concentration for
microelectrode experiments has been discussed in detail (6). This expression
shows that the transients are a function of a, FQ/S.° and 2Qa/DC°. It {8 clear
that the parameter FQ/!.° determines the reversibility of the reaction, while
2Qa/DC~ controls the ratio of the imposed reaction rate Q to the mass transfer
rate. Figures 1-3 show the shapes of the chronopotentiograms as a function of
the dimensionless time variable Dt/az and the parameters FQ/!.° and 2Qa/DC¢.
The roots to Equation [13] were obtained by Brent’s method (12). We point out
once more that for low values of the mass transport parameter, Equation [11],
there is no transition (Figures 1-3). This is due to the fast approach to
steady state diffusion at small disk electrodes. It is therefore probable
that constant current experiments are not particularly useful for analytical
applications, since it will be difficult to choose an appropriate flux for

observation of a transition time. A simple linearly swept current of the form




Q(t) = ¥yt (14]

however, will always give rise to a transition since as Q increases, 2Qa/DC‘

must eventually exceed 3x/4. By a similar analysis (6) we have found the

2 e -

relation, for the Butler Volmer kinetic model (Equation (12])

- .,p[ ] . oxp _1_2212 [15]

vwhere 03 i{s given by
2
3 [J,[ﬂ-;—]] [j:’ y exf(y) dy]i@ [16]

which also has been tabulated (6) and can be evaluated similarly to 01.
The roots to Equation [15) were again found by Brent’'s method (12). In this
case, we gsee that vt is not independent of the dimensionless time variable

Dt/az. We have, however,

byta _ a1a3 .| bt (17)
pc® pc” al
and
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J (18]

We have therefore evaluated the overpotential n as a& function of the variable
Dt/az and of the parameters F1az/1° and 41a’/ ch.. The results are presented
in Figures 4-6, vhich are for fast, intermediate, and slowv rates of reaction,
respectively. Unlike the constant current results shown in Figures 1-3, a
transition is always observed.

Figure 7 shows the sharp transition that is observed in a typical
experiment. The response here is for a linsar sweep amperometry experiment atg
a platinum disk microelectrode. The current was initiated at a large no;ativ.;
value, and swept towvards positive values. This result is in contrast to the
poorly resolved transitions obtained with electrodes of conventional size
where there are large capacitative effects.

Figures 8-9 are responses for linearly swept current experiments in which
the initial current was zero; these experiments can be therefore be analyzed
directly by Equation [15]. The size of the disk electrode was determined by
measuring the diameter of the wire before mounting in its holder, by optical
microscopy, and by measuring the limiting currents in standard redox
solutions. These methods gave results that agreed to within 48. The
responses were made dimensionless and plotted vs. Dt/az, and appear in Figures
8 and 9 along with the closest fit theoretical plot. The data was converted

by noting that
Q(t) = yt = I(t)/F = 1(t)/AF [19)

vhere A is the surface area of the disk, and I(t) the imposed current density




at time t. If » is the current swveep rate (A/s), then Equations [17] and [18]

can written in the form

bye | dye | De| | va  fDef e D (20]

pc pc al pic AF al «D2C°F a?l

and

m - F .'3 . -D—t - Fy.z . 2& - -y— . BE 21
1 R 2 DAFL 2 *DL 2 [21]
o [} a ° a o a

We have assumed a value for the diffusion coefficient of 6.7 x 10-‘¢828.1

for both redox species, and a value of the exchange current density 1‘ of 9.0
-A/cnz for the equimolar luM solution.The parameters were then used to
calculate the theoretical responses shown as the solid lines in Figures 8 and
9. For a fixed sweep rate, the increase in the current density with decrease
of electrode size leads to an increasingly rapid transition. For the smallest
electrode used (lpym diameter) the transition (when using the same current
sweep rate v as for the other electrodes) was very rapid as expected, but
analysis was not possible due to the finite response times of the potential
measuring equipment.

The potential-time response for platinum microelectrodes under other
imposed flux conditions is shown in Figure 10. In these experiments, the
current sweep was initiated at negative values, and the responses are
therefore not predicted directly by the above analysis. The qualitatively
expected behavior, however, is clearly evident in the Figures. At the larger
(25um) electrodes steady state diffusion is not developed rapidly. For a

given value of the initial applied flux and sweep rate one therefore expects




the transition to positive potentials to be delayed by the non-steady state
diffusion of the two redox species. The oxidation of the excess ferrocyanide
(generated by the initial negative flux) clearly inhibits the time to
transition to positive potentials, Figure 10a; in fact we see that the
potential is substantially negative vhen the imposed flux is zero. The effect
is considerably reduced at the 10um electrode, and is not discernible at the
1ym slectrodes, Figures 10b and ¢, at which the mass transport rates are
significantly enhanced.

The use of disk microelectrodes of suitable radii in galvanostatic
experiments therefore appears to yield very predictable and diagnostic
analytical results. The sharp transitions observed in linear sweep
smperometry experiments assures accurate measurement of the transition times '
and potentials. The use of more complex current sweep programs has other
advantages in the study of coupled chemical reactions, and will be the subject

of a further report shortly.
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Glossary of Symbols Used

a a >

e | o~ Ueﬁ 20

1(c)
I(t)

Radius of disk, cm

Electrods area, cm

Concentration, mols cm >

Bulk concentration, mols ca ’
Average concentration, mols cm >
Double layer capacitance, C/CIz
Diffusion coefficient, ca’s’
Electrode potentiasl, V

Faraday constant, 96485 C equivalent”?!
Current at time t, A

Current density at time t, A ca >

Exchange current density, A ca >

Bessel functions

2 -1

Flux, mols ca ‘s’

2. -1

Flux at time t, mols cm s~
Cas constant, 8.314 J mols k!

Radial coordinate, cm

Time, s

Temperature, K

Dummy integration variable.

Coordinate normal to plane of disk, cm
Transfer coefficient (when in exponent)
Continuous dummy integration variable.
Parameter al

Flux sweep rate, mols cm ’s >

(Dt)uz
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Overpotential, V

h v Current sweep rate, A s .
© 13
® 2 pa 48
1 2 Jlo[J’( y] ]J u:t'(ﬂ)pz
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Figure legends permit fully legible reproduction

1. Chronopotentiograms as predicted by Equation 13 for totally reversible
electrode kinetics (ig- w, I-'Q/io- 0) as a function of the mass transport

paramster ZQa/DC. and the dimensionless time variable Dt/az.

2. As Figure 1 except for intermediate values of the kinetic parameter

(FQ/i= 1.0, quasi-reversible reaction).

3. As Pigure 1 except for large values of the kinetic parameter (FQ/i= 100.0

-irreversible reaction).

4. Linear sweep amperometry response as as predicted by Equation 15 for
reversible electrode kinetics (1°- -, F-nz/bie- 0) as a function of the
Bass transport parameter 41.3/ch.° and the dimensionless time variable

Dt:/az .

5. As Figure 3 except for intermediate values of the kinetic parameter

(F1az/Dio— 1.0, quasi reversible kinetics).

6. As Figure 3 except for large values of the kinetic parameter

(I-‘1az/D1°- 100.0, irreversible kinetics).

7. Example of linear sweep amperometry. 9.0um diameter gold disk
microelectrode, solution 3.5mM Ru(NH)” in 0.1M KCl. Sweep rate was

625pA s ! initiated from -1.0nA.
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8. Linear sveep amperometry of lmM each l-'o(Il:)(CN);'/I-"o(III)(CN);3 in 0.1M
KNO’ at a 25.0um diameter platinum microelectrode. Circles are
sxperimental data, and the line is the calculated response using the

indicated parameters. Current sweep rate v was 50pA s?!

at 0.00pA.

Sweep initiated

9. Same as Figure 8, except at 10.0um (open circles) and 1.0um diameter

(marked circles) electrodes.

10. Same as Figure 8 and 9 except sweep initiated at -10mA.
25um diameter disk

10um diameter disk

..... lua diapeter disk

AR,
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